The mesophyll of sugar beet (Beta vulgaris 1.) leaves emits red (chlorophyll a ) fluorescence and blue-green fluorescence when excited with ultraviolet light. The intensity of blue-green fluorescence was increased in mesophylls affected by iron deficiency. This increase was large and progressive. It was concomitant with a decrease of photosynthetic pigments per unit of leaf area. Most of the increase in blue-green fluorescence can be explained by the decrease of the screening of ultraviolet light by chlorophylls and carotenoids. In addition, chlorophylls selectively reabsorb blue fluorescence, which leads to a change in the form of the fluorescence emission spectra. This effect induces an increase of the blueto-green fluorescence ratio in control mesophylls that was concomitant with the decrease of chlorophyll per unit of leaf area. Iron deficiency induced a decrease of the blue-to-green fluorescence ratio that may be attributed to an accumulation of flavins fluorescing in the green. Time-resolved fluorescence measurements indicate that they are mostly riboflavin and/or flavin mononucleotide phosphate. Our data also indicate that the blue-green fluorescence emitted from the mesophyll contains fluorescence of nicotinamide nucleotides.
In the last decade several spectroscopic methods have been considered for the characterization of the physiological state of plants. Among them, the use of the fluorescence signal emitted by plants has been the object of intense research activity. Measurements of red (Chl a ) fluorescence have become a useful investigational tool in photosynthesis research, plant physiology, and early detection of stress conditions in plants ( Weis, 1984, 1991) . Red fluorescence is usually excited in the visible part of the spectrum. Upon excitation with UV light, leaves also emit blue (maximum at 450 nm) and green (shoulder at 530 nm) fluorescence (Chappelle et al., 1984b (Chappelle et al., , 1991 Goulas et al., 1990; Lang et al., , 1992 . The intensity and form of the emission spectra of the UV light-induced fluorescence are influenced by environmental conditions (Chappelle et al., 1984a (Chappelle et al., , 1984b Theisen, 1988) , or by stage of development. For instance, an increase in green fluorescence has been reported in pine needles as a result of exposure to pollutants (Schneckenburger and Frenz, 1986 ). An increased BGF was also recorded in senescent soybean leaves (Chappelle et al., 1984b) , senescent 
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beech leaves , and etiolated wheat leaves (Stober and Lichtenthaler, 1992) . The common feature of these reports was a reduced amount of Chl per unit of leaf area. This is also the most obvious characteristic of leaves affected by iron deficiency (Bolle-Jones and Notton, 1953; Terry, 1980; Abadia et al., 1989; Morales et al., 1990) . Therefore, we used iron deficiency as a model system to investigate the effect of Chl on the BGF.
Chl's and carotenoids absorb UV light (Lichtenthaler, 1987; Chappelle et al., 1990 Chappelle et al., , 1991 . This absorption attenuates the UV light that reaches the fluorophores fluorescing bluegreen. The result is a significant reduction in the measured fluorescence yield. This reduction is referred to as the IFE due to excitation blocking (screening). Similarly, the absorption of the emitted fluorescence by Chl's and carotenoids leads to further reductions in the measured fluorescence yield, known as the IFE due to emission blocking (reabsorption). Thus, the leaf emission spectra are determined not only by the spectral properties of the fluorescence emitted by the leaf fluorophores but also by the IFE caused by the Chl's and carotenoids of the mesophyll.
The aim of this work was 2-fold to estimate the dependence of BGF on the IFE and to use BGF to investigate the specific effects of iron deficiency in leaves. Therefore, we analyzed the emission and excitation fluorescence spectra and made time-resolved fluorescence measurements of control and iron-deficient mesophylls with different amounts of Chl per unit of leaf area. Evidence is presented suggesting the occurrence of a flavin-related compound accumulating in the mesophyll of iron-deficient sugar beet (Beta vulgaris L.) leaves. Still, the increase of BGF is principally a consequence of a decreased IFE caused by photosynthetic pigments. Finally, evidence is presented for the contribution of nicotinamide nucleotides to the BGF emitted from the mesophyll.
MATERIALS AND METHODS

Plant Material
Sugar beet (Beta vulgaris L. cv Monohill) was grown in a growth chamber in half-Hoagland nutrient solution with or without iron. Plants were grown with a PPFD of 350 pE m- ' Plant Physiol. Vol. 106, 1994 s-l PAR at a temperature of 2OoC (day) and 15OC (night), 80% RH, and a photoperiod of 16 h light/8 h dark. Young, rapidly expanding leaves were used for all measurements. None of the chlorotic leaves had green veins, and they showed a homogeneous color throughout the leaf. To characterize the BGF of mesophyll, we used leaf pieces from which the epidermis (abaxial side) was stripped away. Immediately after stripping away the epidermis, the leaf pieces were enclosed in commercial quartz cells (106-QS, Hellma, Paris,. France) of 0.5-mm optical path (400 pL). They were held on a homemade thermostatted holder at 2OOC. This procedure minimizes, or avoids completely, the water loss during the experiments that might affect the leaf optical properties. We did not detect changes either in the spectra or in the time-resolved fluorescence measurements during the experiments, and at the end of the experiments the leaf pieces were all turgid (not shown). All measurements were made at least 3 h after switching on the growth chamber lights.
Pigment Analysis
Pigments were extracted with 100% acetone. They were analyzed spectrophotometrically according to Lichtenthaler (1987) immediately after the extraction. The changes induced by iron deficiency in the pigment composition (Chl's and carotenoids) of sugar beet mesophylls presented in this work were identical to those reported in a previous work (Morales et al., 1990 ).
Measurements of Total BGF
A new multiwavelength-pulsed fluorimeter that uses UV light as excitation has been described previously (Cerovic et al., 1993) . Pulsed excitation light (337 nm, 3 ns duration, 30 PJ per pulse) is delivered by a nitrogen laser (VSL-33, Laser Science, Cambridge, MA) at a frequency of 0.33 Hz. This fluorimeter is able to simultaneously monitor UV reflected, blue-green fluoresced light, and red fluoresced light because of its combination of three photodiode detectors. BGF was detected from approximately 400 to 550 nm (fluorescence defined by a cyan dichroic filter [Balzers, Meudon, France] and a blue glass filter Coming, Coming, NY] ). A program and a Hewlett-Packard (HP9836, Avondale, PA) microcomputer permitted the control of the experiment, the acquisition, the on-line treatment, and the storage and presentation of data.
Emission and Excitation Fluorescence Spectra
The UV light-induced emission and excitation fluorescence spectra were recorded with a commercial SLM 8000 spectrofluorimeter (SLM Instruments, Inc., Urbana, IL). This spectrofluorimeter consists basically of a xenon lamp as source of excitation, a monochromator (8-nm band pass) to select the required wavelength of excitation, a homemade thermostatted holder, and a second monochromator (8-nm band pass) fitted with a photomultiplier to analyze the fluoresced light. When measuring fluorescence emission spectra, a Coming 7-60 interference filter and an anti-UV filter (KV399, Schott) were added to the excitation and emission part of the apparatus, respectively. Emission spectra were measured between 400 and 600 nm (excitation wavelength was 360 nm). When measuring fluorescence excitation spectra, the Coming 7-60 interference filter was removed. Excitation spectra were measured between 270 and 420 nm (emission wavelength was 460 nm) and between 270 and 460 nm (emission wavelength was 525 nm). Fluorescence was measured in frontface configuration at an angle of 90° to the excitation beam. The incidence of the excitation beam to the plane of the sample was about 30° to minimize the contribution of reflected light. The spectrofluorimeter was interfaced with a Macinto!jh SE microcomputer.
Time-Resolved Fluorescence Measurements
Time-correlated single-photon-counting measurements of fluorescence decays were performed on the SA4 line of the Superaco synchrotron in Orsay (France) as desciibed previously (C;oulas et al., 1990), with some modifications. All measurements were performed in front-face configuration at an angle of 60° to the excitation beam. The incidence of the excitation beam to the plane of the sample was about 30° to minimize the contribution of reflected light. Thli excitation part of the apparatus consisted of a monochromator (8-nm band pass, H10, Jobin-Yvon, Longjumau, France) a UV glass filter (glass No. 5840 Kopp, Aries, Chatillon, FIance). This filter was replaced by a neutral density filter when measuring scattered light. The fluorescence emission was co1 lected with a biconvex lens (diameter = 60 mm, focal length = 80 mm, Melles Griot, Cachan, France) and defined by a blue glass filter (glass No. 9782 Kopp, Aries), a monochromator (9-nm band pass, HL 300 Jobin-Yvon), and an anii-UV filter (KV399, Schott). The counting line comprised a photomultiplier (2254QB, Philips, Issy les Moulinaux, France) cooled to -4OoC, a constant fraction discriminator (71 74, Enertec, Strasbourg, France), a time-to-amplitude converter (566 Ortec, Colombes, France), and a multichannel p dse height analyzer (NS575, Tracor, Paris, France) interfaced with a microcomputer (Powerbook 170, Apple, Orsay, France). The synchronization signal was provided by a fraction of the excitation beam deflected to a fast photodiode (34753, Hamamatsu, Orly, France) followed by a delay linl:, a second constant fraction discriminator, itself feeding the time-toamplitude converter. The excitation profile (instrumental function) was obtained by tuning the excitation monochromator to the emission wavelength and the beam attenuated approximately 1000 times. The scattered excitation beam was then recorded as if it were fluorescence. Decay histograms were acquired until 30,000 counts were accumulated at the maximum. Forty-two nanoseconds were covered by 512 channels at 0.082 ns per channel. Iterative convolution of fluorescence decays was performed as previous1 y described (Goulas et al., 1990 ) using a homemade program based on Marquardt search algorithm for nonlinear parameters (Moya et al., 1986) . The fluorescence decays of the mesophyll were fitted independently by a four-exponential model, as described elsewhere (Cerovic et al., 1994) . Fluorescence was excited ad 375 nm and detected in the blue region (460 nm) and in the green region (525 nm) of the spectrum.
Time-resolved fluorescence of NADPH and fl,ivins (ribo-flavin, FMN, and FAD) was measured with the same experimental set-up. The concentration of the fluorophores was 25 p~ in distilled water. The temperature was fixed to 2OOC.
RESULTS
Fluorescence Emission Spectra and Iron Deficiency
Intact sugar beet leaves emit red (Chl a ) fluorescence when excited with visible light. They also emit BGF when excited with UV light. BGF appears to be a mixed signal composed of the fluorescence emission of several substances of the plant vacuole and cell wall, including those located in the epidermal layer Broglia, 1993) . For several plant species tested, the contribution of epidermis to BGF has been shown to be greater than 50% (Bongi et al., 1991; Cerovic et al., 1993) . The mesophyll of sugar beet leaves also showed BGF. This fluorescence increased nonlinearly in response to iron deficiency, reaching a 4-fold increase when the amount of Chl per unit of leaf area decreased from approximately 40 to 5 nmol Chl cm-' (Fig. 1A) . To obtain complete spectral information about this increase of fluorescence, we measured the fluorescence emission spectra. An increase in both blue and green fluorescence was found in response to iron deficiency (Fig. 1B) . The fluorescence increased progressively from control mesophylls (34.2 nmol Chl cm-'; lowest spectrum in Fig. 1B ) to severely irondeficient mesophylls (1.6 nmol Chl cm-'; uppermost spectrum in Fig. 1B) . The fluorescence at the emission maximum (F460), the blue shoulder ( F 4 , 0 ) , and the green shoulder (FS2,-), when plotted in function of Chl, showed a nonlinear increase in response to iron deficiency (Fig. lC) , like total fluorescence in Figure 1A . The increase of BGF occurs concomitantly with a progressive decrease of Chl's and carotenoids. A detailed characterization of this depletion of Chl's and carotenoids has been previously reported for iron-deficient sugar beet plants (Morales et al., 1990 ). Chl's and carotenoids absorb UV light (Lichtenthaler, 1987; Chappelle et al., 1990 Chappelle et al., , 1991 . These photosynthetic pigments, therefore, may screen the excitation energy that should reach the blue-green fluorophores. Thus, BGF may increase as a consequence 2, 33.4, 31.8, 29.8, 26.7, 25.1, 22.6, 15.8, 6.7, 4.8, 3.3, 2.4 , and 1.6 nmol Chl cm-2 (from the lowest spectrum to the uppermost spectrum, respectively of a decrease of the screening of the excitation energy. Altematively, the IFE due to emission blocking (reabsorption of fluorescence by Chl's and carotenoids) may cause this increase. However, the reflectance of the UV light was found to be double. in iron-deficient mesophylls when compared to control mesophylls (not shown), which is in line with the expected IFE due to excitation blocking (screening) caused by photosynthetic pigments, Chl's, and carotenoids. Similar changes in reflectance have been reported previously for the visible part of the spectrum (Morales et al., 1991) . Figure 1C shows that the fluorescence at the emission maximum (F460) and at the blue shoulder (F430) increase in the same way, which leads to no significant changes in the F460/F430 ratio. It was 1.25 from control to severely irondeficient mesophylls (not shown). However, the dependence of fluorescence on Chl at the emission maximum (F460) and at the green shoulder (&) was different (Fig. 1C) . This is better shown in Figure lD , where the F46&25 ratios from control to severely iron-deficient mesophylls are plotted. Control mesophylls with 34 and 23 nmol Chl cm-' had a
F460/&25
ratio of 1.8 and 2.6, respectively. A linear relationship was found between the decrease in the amount of Chl per unit of leaf area and the increase in the F460/F52, ratio in control mesophylls (solid symbols in Fig. lD) , which can be explained by a selective reabsorption of the blue fluorescence by Chl's. Due to the differences in absorption spectra (Lichtenthaler, 1987; Chappelle et al., 1990 Chappelle et al., , 1991 , carotenoids will reabsorb both blue and green fluorescence but Chl's will reabsorb only blue fluorescence. Interestingly, in slightly iron-deficient mesophylls (i.e. 22 nmol Chl cm-') the F460/ F525 ratio was again 1.9 (Fig. 1D ). All the chlorotic samples measured showed the same values of F46&25 ratio (Fig. 1D) . To better characterize control and iron-deficient mesophylls having almost the same Chl content, we repeated the experiments with samples that had between 15 and 30 nmol Chl cm-2 (plotted in Fig. 1D as squares, solid for control and open for iron-deficient mesophylls). These data confirmed those obtained in the first experiment (circles) and suggest that slightly iron-deficient mesophylls are enriched in fluorophores fluorescing in the green. It was expected that the reabsorption of the blue fluorescence by Chl's would also increase the F460/&25 ratio in the iron-deficient mesophylls with decreasing amounts of Chl per unit of leaf area, but this was not the case (Fig. 1D) . One possible explanation is that iron deficiency may induce a progressive accumulation of fluorophores fluorescing in the green in the mesophyll of sugar beet leaves. A progressive increase of flavins (fluorophores that fluoresce characteristically in the green) has been reported recently in sugar beet leaves affected by iron deficiency (Sush et al., 1993) .
FOuorescence Excitation Spectra and Iron Deficiency
In a search for these compounds fluorescing in the green we measured the fluorescence excitation spectra. Measurements were made at the emission maximum (460 nm) ( Fig.   2A ) and at the green shoulder (525 nm) (Fig. 2B) . Normali- zations were made at the maximum number of common points, which are characteristically between 270 and 330 nm. Spectra measured at both 460 and 525 nm showed a maxi- mum at :355 nm and a shoulder at 395 nm. A maximum at 460 nm was also found in the spectra measured at 525 nm (Fig. 2B) . The large increase in the spectrum below 310 nm was an artifact due to the second-order transmisjion of the emission monochromator. The difference spectra (iron-deficient minus control mesophylls) gave a peak at 370 to 375 nm (Fig. 2, A and B, insets). We used this marked difference in the excitation spectra in combination with timie-resolved measurements to try to identify the potential green fluorophore. Spectra of control mesophylls with different amounts of Chl per unit of leaf area did not give significant 'differences (not shown).
Time-Resolved BCF Measurements
For time-resolved fluorescence measurements we used synchrotron radiation. In sugar beet mesophylls four kinetic components of BGF were resolved, the fast (0.30-0.33 ns), the medium (1.27-1.43 ns), the slow (4.20-4.52 ns), and the very slow (10.67-11.67 ns) components ( Table 1) . The lifetimes of the four components were wavelength independent and did not change under iron deficiency ( Table I) . Since the nucleotides were suggested as possible candida1 es for the BGF (Goulas et al., 1990; Chappelle et al., 1991; Cerovic et al., 1993) , we measured the lifetimes of NADPH and flavins (riboflavin, FMN, and FAD:,. NADPH showed a biexponential decay with a mean lifetime of 0.39 ns (Table 11 ), indicating that it fluoresces in the time domain of the fast component found in mesophylls (Table I) . Riboflavin and FMN showed monoexponential decays with lifetimes of 4.61 and 4.56 ns, respectively (Table 11 ), indicating that they fluoresce in the time domain of the slow component (Table I) . FAD fluoresced with a mean lifetime of 2.87 ns (biexponential decay) (Table 11) , without equivalence in the time domains found in mesophylls. Flavoproteins (Sarkar et al., 1982 ) and NAD(P)H bound to proteins (Jameson et al., 1989) fluoresce in the time domain of the medium and very slow components, respectively. Figure 3 shows the fractional intensity of each component in the mesophyll of sugar beet leaves. When the emission wavelength was fixed to 460 nm, control and iron-deficient mesophylls did not give any significant differences (Fig. 3A) . We also made measurements at 525 nm, an emission wavelength that favors the fluorescence of flavins. At this wavelength the contribution of the slow component was significantly higher (P < 0.0081; Student's t test, n = 8) in iron-deficient mesophylls (Fig. 3B ). These data suggest that iron-deficient leaves accumulate flavins in the mesophyll. These flavins can be riboflavin and/or FMN, since they fluoresce in this time domain. When measurements were made at 460 nm (Fig. 3A) , an emission wavelength that favors the fluorescence of nicotinamide nucleotides, the fractional intensity of the very slow component was increased compared to measurements made at 525 nm (Fig. 38) . The excitation and emission characteristics and the effect of anaerobic atmosphere on the fractional intensity of this component showed that it contains fluorescence of nicotinamide nucleotides (Cerovic et al., 1994) . These data further support our contention that these nucleotides contribute to the BGF.
DISCUSSION
The BGF coming from the mesophyll increases when iron deficiency progresses, concomitant with the depletion in Chl's and carotenoids. This suggests that the progressive decrease of Chl's and carotenoids, which absorb the UV excitation (Lichtenthaler, 1987; Chappelle et al., 1990 Chappelle et al., , 1991 , leads to an increase in the proportion of light absorbed by the fluorophores fluorescing in the blue-green. The result is a progressively higher intensity of measured BGF. In addition, the reflectance of the UV light in iron-deficient mesophylls is doubled compared to that in control mesophylls. This agrees with the postulated IFE due to excitation blocking (screening) caused by Chl's and carotenoids in the mesophyll of sugar beet leaves affected by iron deficiency. Vol. 106, 1994 Another important factor that affects the spectra of mesophyll fluorescence is the IFE due to emission blocking (reabsorption). The reabsorption is selective, more important in the blue region of the spectrum, due to the reabsorption by Chl's (Lichtenthaler, 1987; Chappelle et al., 1990 Chappelle et al., , 1991 . Carotenoids would reabsorb both the blue and the green fluorescence (Lichtenthaler, 1987; Chappelle et al., 1990 Chappelle et al., , 1991 . This combined reabsorption would increase the blueto-green fluorescence ratio. Indeed, in control sugar beet mesophylls the F460/&25 ratio increases linearly as the amount of Chl per unit of leaf area decreases.
Iron deficiency decreases the F460/&25 ratio at an early stage and this ratio stays low with additional decreases in Chl. This behavior seems to be specific for iron deficiency. For instance, the blue-to-green fluorescence ratio increased during greening of etiolated wheat leaves (Stober and Lichtenthaler, 1992) . The same ratio remained practically unchanged during the autumnal Chl breakdown in the abaxial side of beech leaves . The blue-to-green fluorescence ratio was shown to decrease in response to water stress in spinach leaves (Goulas et al., 1990) , olive leaves (Broglia, 1993) , and soybean leaves (Chappelle et al., 1984b) . A11 our experiments were conducted on leaves after peeling the epidermis, which might induce water stress in the mesophyll. However, our procedure minimizes, or avoids completely, the water loss during the experiments. Therefore, water stress is not the cause of the decrease in the blue-togreen fluorescence ratio. Our data clearly indicate that the decrease in the F46O/F525 ratio is due to an accumulation of riboflavin and/or FMN in the mesophyll of iron-deficient plants. This accumulation is progressive (Sush et al., 1993) and tends to counteract the expected reabsorption effects in the iron-deficient mesophylls with decreased amounts of Chl per unit of leaf area. Thus, the F460/&25 ratio remains practically unchanged at any given stage of iron deficiency.
Evidence for an accumulation of flavins in iron-deficient mesophylls comes not only from the decrease of the blue-togreen fluorescence ratio, but also from time-resolved fluorescence measurements. The fractional intensity of the slow component (measured at 525 nm) is increased in iron-deficient mesophylls. Riboflavin and FMN fluoresce in the time domain of the slow component. Riboflavin increased 7-to 8-fold in leaves of iron-deficient tobacco, which showed also large increases in FMN (Welkie and Miller, 1960) . A progressive increase of flavins (up to a 4-to 5-fold increase) was shown in sugar beet leaves affected by iron deficiency (Sush et al., 1993) . The major flavin present was riboflavin; FMN and FAD were present in lower quantities (Sush et al., 1993) . In tobacco, the green fluorescence band around 525 nm seems to emanate solely from the mesophyll layers (Lang et al., 1992) . The comparison of the mesophyll and intact sugar beet leaves also suggests a major contribution of the mesophyll to the green fluorescence of leaves (results not shown). Fluorescence microscopy studies have shown that the green fluorescence does not emanate uniformly from throughout the cell; rather, it is confined to those regions occupied by the vacuole (Zeiger and Hepler, 1979) . The cytoplasm and plasmalemma appear to lack the green fluorescence. Intact isolated vacuoles from the same material also fluoresced green (Zeiger and Hepler, 1979) . Therefore, it is expected that the increased amounts of flavins found in the mcsophyll of iron-deficient leaves are located in vacuoles.
Flavinfj (Chappelle et al., 1991; ) and NAD(P)H (Chappelle et al., 1984a , 1984b , Goulas et al., 1990 have been suggested as possible compounds responsible for part of the BGF emitted by plants. 'fie contribution of NADPH to the BGF has been demonstrated recently in intact spinach chloroplasts and spinach mesophyll (Cerovic et al., 1993) . Further evidence for this contribuiion comes from the time-resolved BGF measurements performed in sugar beet mesophylls. NADPH in solution fluoresces with a mean lifetime of 0.39 ns, suggesting that the fast component found in mesophylls (0.30-0.33 ns) may contain fluorescence of free NADPH. However, from the data in the literature it can be estimated that most of the NADPH is bound to proteins (Ashton, 1982; Usada, 1988) . NAD(P)h bound to proteins (Jameson et al., 1989) fluoresces in the time domain of the very slow component found in mesophylls (10.67-11.67 ns). The wavelength dependence of the fractional intensity of the very slow component found in inesophylls suggests that this component contains fluorescence of nicotinamide nucleotides bound to proteins. Further evidence for the contntbution of nicotinamide nucleotides to thci very slow component of the BGF comes from the spectral characteristics and from the effect of anaerobic atmosphere on thc fractional intensity of this component (Cerovic et al., 1994) . All these data indicate that these nucleotides contribute ti3 the BGF emitted f rom the mesophyll.
